The use of exploratory data analysis with ground-based data to assess climate runoff links in the Upper Indus Basin
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Introduction
The Indus River drains the Karakoram, Hindu Kush, and Himalayan mountain ranges, and provides the main water source for the Indus Basin Irrigation System, one of the world’s largest integrated irrigation networks. The Indus River has a controlling storage at Tarbela Dam (Fig. 1) which was primarily designed for irrigation control but also provides an average of 13% of Pakistan’s annual power output. Inflow to Tarbela is measured at Besham which has a mean annual flow of 2425 m3 s-1 (1969-2001). This ranges annually from 80% to 130% of the mean and represents considerable variation in the potential for irrigation and hydropower production.

Snowmelt runoff comprises more than 85% of the runoff of the River Indus at Besham (Hewitt, 1985). Early prediction of the amount of runoff to be derived from the snowpack has the potential to allow for more efficient use of available water for irrigation and power generation. More than 80% of annual runoff at Besham occurs during the period May to September and is controlled primarily by winter precipitation and by summer energy inputs (Archer, 2003).
Three potential sources of precipitation data are available and have been used as a basis for predicting runoff in northern Pakistan. 
1. Satellite observation of the areal extent of the snowpack has been used as a basis for assessing snowpack water equivalent and runoff. The areal extent of the snowpack is related to average snowpack water equivalent and the rate of snowpack depletion is related to the generated snowmelt runoff (Rango et al, 1977). Earliest satellite assessments of snow cover in the Upper Indus were made by Salomonson and MacLeod (1972) and indicated the potential use of late winter snow areal extent in predicting seasonal runoff. Rango et al (1977) developed this analysis and for the six-year period 1967 to 1973 found significant correlations between early spring snow-covered area and seasonal runoff from April to July with r2 for the Indus of 0.82 and for the Kabul River of 0.89. However, application of Rango’s equations by Makhdoom and Solomon (1986) to subsequent years showed that forecasting results for the Indus were no better than using the average runoff. Similarly, application of the Snowmelt-Runoff Model (SRM) (Martinec, 1975) to the neighbouring Kabul basin by Dey et al (1989) using satellite-observed snow cover data only achieved good fit of observed and simulated flows by radical monthly adjustment of runoff coefficients. 
2. Ground-based observation of winter snow accumulation has been used by De Scally (1994) to assess annual runoff in the neighbouring Kunhar sub-basin of the Jhelum River basin. Using data from the 1960s and 1970s, he found strong correlations between point measurements of annual maximum snowpack water equivalent as well as total winter precipitation (including rainfall) and annual runoff. Correlation coefficients equalled or exceeded those based on remotely sensed estimates of snow covered areas for non-glacierised basins. Furthermore he found that low elevation snow courses provided equally good correlations as data from more remote high elevation sites. 
3. Ground-based measurements of liquid precipitation at low level valley stations have generally been discounted as reliable indices. Sparse, unevenly distributed networks have been thought to be unrepresentative of accumulation and melt at higher elevations or over a broad area (Rango, 1985). Whilst glaciological studies suggest annual accumulation rates of 1500 to 2000 mm at 5500 m in the central Karakoram (Wake, 1989), precipitation totals decrease to 600 mm at 4400 m and often to less than 200 mm in arid northern valley floors. However, Kolb (1992) demonstrated for the first time that strong correlation exists between climatic parameters at valley stations and runoff for large catchments including the Hunza, Gilgit and Shyok Rivers. Archer (2003, 2004) and Archer and Fowler (2004) have further elaborated these relations for a larger number of catchments and for records in excess of 30 years. The following discussion summarises the results of this analysis both for precipitation and for temperature (representing energy input).
How representative are valley stations?

Mountainous regions are said to require a much greater density of climate stations than neighbouring flat lands to achieve the same reliability of areal estimates. In this most rugged of world landscapes, the existing network of precipitation stations falls short by more than an order of magnitude, of the minimum requirement recommended by WMO (1970). It has therefore been necessary to establish the degree of spatial correlation between neighbouring stations. 
Archer and Fowler (2003) demonstrate that for the winter half year (October to March) there is remarkable positive correlation of precipitation between stations sometimes separated by distances of more than 200 km and by major mountain barriers, for example between Drosh in the west and Srinagar (r = 0.58) and Balakot (r = 0.75) in the east. Significant correlation occurs between stations in the Hindu Kush, Karakoram and southern foothills of the Himalayas, in spite of 6-month totals varying from less than 50 mm to more than 500 mm. During the summer half year (April to September) the correlation structure is quite different. Whilst positive significant correlation is obtained between trans-Himalayan stations, there is a consistent weak negative correlation between stations north and south of the divide.
With respect to temperature, Archer (2004) shows that whilst significant positive spatial correlations are obtained in all seasons, better correlations are achieved in the spring and summer months than in the winter. Significant correlation again occurs over the entire upper Indus from Leh in Ladakh to Gilgit in the Karakoram and Drosh in the Hindu Kush (Fig. 1). There is also strong correlation between valley stations and high elevation automatic weather stations at Kunjerab (4733 m) and Shandur (3719m).
Thus, in spite of the unpromising topographic constraints, both energy and moisture inputs are sufficiently correlated to justify the consideration of ground-based valley data as indices of areal conditions over the upper Indus basin and as a basis for runoff assessment. Spatial correlation is best for the key runoff-controlling seasons for precipitation (October –March) and energy (April to September).
Exploratory Data Analysis

Simple linear correlation has been used as a first stage in assessing the linkage between seasonal mean temperature and precipitation at a single station and runoff (Archer, 2003). Rivers are shown to differ significantly in their runoff response to changes in the driving variables of temperature and precipitation. For example, whilst southern foothill catchments show significant correlation between monthly and seasonal precipitation and runoff, the high and middle altitude catchments show a negative correlation between summer precipitation and runoff. This negative response is the result of cloudiness and lowered temperatures associated with precipitation (Archer, 2004). 

Summer runoff on high altitude glacier-fed catchments shows significant positive correlation with summer temperatures. Figure 2a suggests a 16% increase in summer runoff for the River Hunza for 1oC temperature rise in mean summer temperature.  However, temperature and runoff are negatively correlated on middle altitude (snow-fed) catchments. Here, increased temperature results in increased evaporative loss and (since snow cover volume is limiting) reduced runoff.

Winter precipitation is strongly correlated with summer runoff on the snow-fed catchments (e.g. River Astore at Doyien, r=0.88). Significant correlation is achieved as early as March, providing a useful lead time for forecasting as demonstrated in Fig. 2b for the River Astore. The relationship suggests an increase in runoff of 5% for a 10% increase in mean winter precipitation. In contrast, no significant correlation was found for the predominantly glacier-fed catchments. On the foothill catchments, significant correlation was found with spring (April to June) but not with summer runoff.

Discussion and Conclusions
The strong spatial coherence in winter precipitation amount and spring and summer temperature (illustrated by inter-station regression) is reflected in the significant correlations between temperature and precipitation at a single station (often outside the target catchment), and runoff.
The use of ground-based data has several advantages over remotely sensed data. Most important is the availability of temperature and other elements of the energy budget, such as sunshine and wind speed, which cannot be assessed reliably by satellite remote sensing. Where runoff is controlled by melt from permanent snowfields and glaciers the reliability of runoff estimates based on satellite estimates of snow covered area is expected to be limited. Even in areas of seasonal snow, the snow covered area is not perfectly related to basin-wide snow water equivalent; single station rainfall measurement at low elevations may prove to be at least as good an index.
Similar studies in Central Asia for the Syrdarya and Amudarya rivers have been carried out by Schär et al (2004). They found good correlation of summer runoff with model-assimilated snow accumulation data for the Syrdarya basin. However the correlations for the Amudarya basin, whose headwaters in the Hindu Kush Mountains are adjacent to the high altitude, glacier-fed catchments of the Upper Indus basin, were not statistically significant. As in the Hunza catchment (Fig. 2) the key controlling parameter for runoff in the upper Amudarya basin may be summer temperature rather than winter snow accumulation.
The measurement of liquid precipitation at low elevations overcomes some of the difficulties associated with snow depth and water equivalent measurement on snow courses in rugged terrain. Whilst De Scally (1994) has shown that such measurements can have an effective use in forecasting, their applicability on a broader scale in the upper Indus basin is likely to be impractical. Problems also exist for reliable snow measurement at automatic weather stations at high elevations although these stations do provide useful supporting data on temperature and other parameters. 

Meteorological stations are professionally manned, and high quality data are routinely transmitted for a variety of purposes; additional costs of application of the data to runoff forecasting are expected to be small.
Whilst regression analysis suggests that most catchments have a dominant climatic control, it is recognised that all catchments contain multiple regimes with different climatic controls and varying topography. It is therefore anticipated that distributed modelling will ultimately yield the most effective basis for prediction. However, exploratory data analysis provides regression relationships which in themselves are useful predictive tools for seasonal runoff. It also provides guidance on the key components of any rainfall runoff model selected to simulate flow in the Indus and its tributaries.  It is suggested that the success of modelling can be judged on the basis of improvements (or otherwise) over simple statistical relationships. It is recommended that comparisons be made between forecasts made using satellite remotely-sensed snow data and ground-based measurements.
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Captions to Figures
1. The Upper Indus basin showing climate and river flow gauging stations

2. Linear regression relationships between seasonal climate and summer runoff (a) mean temperature at Gilgit and runoff for the River Hunza  at Dainyore and (b) preceding winter rainfall (October to March) at Astore and runoff for the River Astore at Doyien
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Fig 2
